Human Mas-related G protein-coupled receptor X1 (MRGPRX1) is a promising target for pain inhibition, mainly because of its restricted expression in nociceptors within the peripheral nervous system. However, constrained by species differences across Mrgprs, drug candidates that activate MRGPRX1 do not activate rodent receptors, leaving no responsive animal model to test the effect on pain in vivo. Here, we generated a transgenic mouse line in which we replaced mouse Mrgprs with human MrgprX1. This humanized mouse allowed us to characterize an agonist [bovine adrenal medulla 8-22 (BAM8-22)] and a positive allosteric modulator (PAM), ML382, of MRGPRX1. Cellular studies suggested that ML382 enhances the ability of BAM8-22 to inhibit high-voltage-activated Ca 2+ channels and attenuate spinal nociceptive transmission. Importantly, both BAM8-22 and ML382 effectively attenuated evoked, persistent, and spontaneous pain without causing obvious side effects. Notably, ML382 by itself attenuated both evoked pain hypersensitivity and spontaneous pain in MrgprX1 mice after nerve injury without acquiring coadministration of an exogenous agonist. Our findings suggest that humanized MrgprX1 mice provide a promising preclinical model and that activating MRGPRX1 is an effective way to treat persistent pain.
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pain | DRG neurons | MrgprX1 | GPCR | positive allosteric modulator P ersistent pain is a major healthcare problem that remains difficult to manage. Commonly used analgesics (e.g., opioids) often lead to an array of adverse side effects (e.g., sedation, addiction, toxicity) that further deteriorate life quality (1, 2) . An important reason why most pain medicines produce dose-limiting side effects is the broad expression of drug targets (e.g., opioid receptors, cyclooxygenase-2) in the central nervous system (CNS) and outside of pain pathways (e.g., cardiovascular system) (3) . Because persistent pain is often primed with peripheral pathological conditions, such as tissue inflammation and nerve injury, and its maintenance is also attributable to peripheral neuronal sensitization (4, 5) , development of pain-specific treatments would greatly benefit from the identification of novel targets specifically expressed in pain pathways, especially those targets on nociceptive primary sensory neurons (6) .
One potential target is the Mas-related G protein-coupled receptor (MRGPR). MRGPRs comprise a family of orphan G protein-coupled receptors (GPCRs) and include many genes in humans and rodents (7) (8) (9) (10) (11) , but their physiological functions are only partially known. Many Mrgpr genes (mouse MrgprA3, MrgprC11, and MrgprD; rat MrgprC; and human MrgprX1) are expressed specifically in small-diameter primary sensory dorsal root ganglia (DRG) neurons (presumably nociceptive) in rodents, monkeys, and humans discovered using various approaches, and have been reported to play important roles in pain and itch (6, 10, (12) (13) (14) (15) (16) (17) (18) (19) .
Animal studies suggest that a potential drug target is the MRGPRC in trigeminal ganglia and DRG (6, 20, 21) . Activation of MRGPRC with agonists by intrathecal (i.th.) application attenuates inflammatory and neuropathic pain-related behavior in rodent models (6, 21) . In contrast, Mrgpr-clusterΔ −/− (Mrgpr −/− ) mice, which have a deletion of 12 Mrgprs, including MrgprA3 and MrgprC11, display enhanced inflammatory (21) and prolonged neuropathic pain (14) . These data suggest that MRGPRC at central terminals of primary sensory neurons may function as an endogenous pain inhibitor mechanism in rodents. To facilitate future translational studies, it is imperative to examine how data obtained from rodent MRGPRC studies can be extended to human MRGPRX1. However, the functional properties of MRGPRX1 cannot be fully inferred from MRGPRC owing to cross-species variation in MRGPR agonist activity and receptor function. Although MrgprC is also annotated by the National Center for Biotechnology Information database as mouse MrgprX1 based on the human and mouse sequence Significance Chronic pain is a major health and economic problem worldwide with an estimated prevalence reaching epidemic levels of >25% of the population. Most drugs on the market for chronic pain have undesired side effects because their targets exist both inside and outside the pain pathways. Human Mas-related G proteincoupled receptor X1 (MRGPRX1) is a promising target of novel pain inhibitors, mainly because of its restricted expression in primary nociceptive neurons. Our humanized mouse model expressing MRGPRX1 in native nociceptive neurons allowed us to examine physiological roles of MRGPRX1 and to develop therapeutic agents for pain treatment in patients. Our studies suggest that both agonists and positive allosteric modulators of MRGPRX1 may be promising novel drug candidates for managing persistent pain conditions. To whom correspondence may be addressed. Email: xdong2@jhmi.edu or yguan1@jhmi. edu.
This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10. 1073/pnas.1615255114/-/DCSupplemental. homology, it is becoming clear that human MRGPRX1 has binding and pharmacological profiles distinct from the binding and pharmacological profiles of rodent MRGPRC (22) . For example, although the sequence of bovine adrenal medulla (BAM) peptide is conserved from rodents to humans (23) (e.g., BAM8-22 activates both MRGPRX1 and MRGPRC) (10, 24) , most MRGPRX1-selective agonists have weak or no agonist activity at MRGPRC and do not affect rodent pain behavior (25) . Thus, it is not feasible to use conventional animal models to examine the effects of human MRGPRX1 ligands on pain behavior. Because of the limitations described above, MRGPRX1 functions had only been inferred in previous studies by heterologous overexpression of MRGPRX1 in vitro. However, this approach may alter the binding properties and intracellular signaling (e.g., G protein coupling) of MRGPRX1 (26, 27) . Therefore, it remains unclear how MRGPRX1 regulates activities in native primary sensory neurons, and thus pain behavior, in vivo. Here, we report the generation of a transgenic mouse line in which the MrgprX1 gene is selectively expressed in MrgprC11-expressing DRG neurons. This "humanized" mouse line allowed us to examine the effects of an MRGPRX1 full agonist (BAM8-22) and positive allosteric modulator (PAM; ML382) on calcium channel activity in native DRG neurons and on pain behavior (28) . In MrgprX1 mice, BAM8-22 inhibited N-type high-voltage-activated (HVA) calcium current (I ca ) in DRG neurons mostly through G αi -dependent mechanisms, and attenuated synaptic transmission to high-threshold afferent inputs in lamina II dorsal horn neurons. Importantly, i.th. infusion of BAM8-22 alleviated both evoked pain hypersensitivity and spontaneous pain in these mice after injury. Furthermore, these actions of BAM8-22 were significantly potentiated by cotreatment with ML382 in an MRGPRX1-dependent manner. Allosteric modulators are promising drug candidates for GPCRs. They bind to the allosteric site and modulate the responsiveness of the receptor to the orthosteric ligand (29, 30) . Intriguingly, BAM22, an endogenous peptide that can activate MRGPRX1, is significantly increased in the spinal cord after tissue inflammation and nerve injury. Strikingly, i.th. ML382 alone could effectively attenuate both evoked pain and spontaneous pain in MrgprX1 mice after injury, without causing notable side effects, such as itch. Collectively, our studies suggest that both agonists (e.g., BAM peptides) and PAMs (e.g., ML382) of human MRGPRX1 may be novel drug candidates for managing persistent pain conditions.
Results

Generation of Humanized MrgprX1
Mice. Human MrgprX1 is expressed only in subsets of small-diameter sensory neurons in DRG and trigeminal ganglia (7) . To establish a mouse model that resembles human MRGPRX1 signaling, we generated a bacterial artificial chromosome (BAC) transgenic MrgprX1 mouse line. To restrict the expression of MrgprX1 to the rodent homolog MrgprC-expressing neuronal subset, we designed the construct so that MrgprX1 expression would be driven by the mouse MrgprC11 promoter (7, 10, 24) (Fig. 1A) . The MrgprC11
MrgprX1 transgenic line was then mated to the MrgprA3 GFP-Cre transgenic line in which the green fluorescent protein (GFP)-Cre fusion protein is driven by MrgprA3 promoter (13) . Because MrgprA3 and MrgprC11 are coexpressed in largely overlapping subsets of DRG neurons (13), we were able to identify the neurons expressing MrgprX1 transgene for cellular recording by intrinsic GFP fluorescence. Finally, we mated these lines with Mrgpr −/− mice, which have an 845-kb deletion that removes 12 endogenous Mrgpr genes, including both MrgprC11 and MrgprA3 (15 MrgprX1 mice that had undergone chronic constriction injury (CCI) of the sciatic nerve, i.th. injection of BAM8-22 (0.5 mM, 5 μL; n = 8 per group) normalized the decreased ipsilateral paw withdrawal latency (PWL) to noxious heat stimuli at 30 min after injection (Fig.  1B) , suggesting that BAM8-22 inhibits neuropathic heat hypersensitivity in MrgprX1 mice. However, this drug effect was absent in Mrgpr −/− mice after CCI (Fig. 1B) . BAM8-22 treatment did not affect the contralateral PWL in either group (Fig. 1C) .
Clinically, spontaneous or ongoing pain is a debilitating aspect of neuropathic pain caused by spontaneous discharge in somatosensory neurons after nerve injury (31) . It can be studied in rodents with a conditioned place preference (CPP) paradigm, which unveils the rewarding effect of relief from ongoing pain (32) . At day 7-13 post-CCI, both wild-type and MrgprX1 mice that received an i.th. injection of BAM8-22 (0.5 mM, 5 μL) during conditioning treatment spent significantly more time in the BAM8-22-paired chamber during the postconditioning phase than they had during the preconditioning phase (Fig. 1D) . Simultaneously, the mice decreased time spent in the vehicle (saline)-paired chamber. However, Mrgpr −/− mice showed no significant change in postconditioning time spent in the BAM8-22-or vehicle-paired chamber, compared with preconditioning ( Fig. 1D) . The difference score also suggested that both wild-type and MrgprX1 mice showed a preference for the BAM8-22-paired chamber ( Fig. 1E ), whereas Mrgpr −/− mice showed neither preference nor aversion to BAM8-22 treatment. These results suggest that BAM8-22 may alleviate ongoing pain in MrgprX1 mice after nerve injury.
CCI mice dosed with i.th. clonidine (1 μg, 5 μL) were used as positive controls for CPP, and clonidine-treated, sham-operated mice acted as negative controls. Clonidine successfully induced CPP in nerve-injured mice, but not in sham-operated mice, regardless of Mrgpr genotype (SI Appendix, Fig. S2 ).
BAM8-22
Inhibited N-Type and P/Q-Type HVA Calcium Channels in Native DRG Neurons Expressing MRGPRX1 Through a Pertussis Toxin-Sensitive Mechanism. We then examined if MRGPRX1 is functional at the cellular level. Activation of Ca V 2.2 N-type HVA calcium channels at central terminals of primary sensory neurons is critical to excitatory neurotransmitter release into the spinal cord, which transduces sensory information toward the CNS (33, 34) . DRG neurons express at least three types of HVA Ca 2+ channels, namely, Ca V 2.2 N-type, Ca V 2.1 P/Q-type, and Ca V 1.1/ Ca V 1.4 L-type (35, 36) . Each can be isolated by a specific blocker (33, 37) . Inhibiting N-type channels has been well acknowledged to relieve pain (38) . Many GPCRs, including mu-opioid receptors; adenosine A1 receptors; and, recently, MRGPRCs, are known to couple to N-type channels and mediate a reduction in Ca 2+ -dependent presynaptic neurotransmitter release to attenuate spinal nociceptive transmission (39) (40) (41) (42) . However, how activation of MRGPRX1 affects different subtypes of calcium channels in native DRG neurons has not been directly tested.
In acutely dissociated DRG neurons from MrgprX1 mice, we recorded I Ca in neurons that coexpress MrgprA3-driven GFP and MRGPRX1. All GFP-expressing neurons that we recorded responded to BAM8-22, which is highly potent and specific to MRGPRX1 and rodent MRGPRC (10) . We used a protocol to record both low-voltage-activated (LVA) and HVA calcium channels, as shown in Fig. 2A (26) . All of the MrgprA3-GFP + neurons dominantly expressed HVA I ca , but very few expressed LVA I ca (LVA I Ca = −20.17 ± 2.57 pA; n = 35). We found that all three types of HVA calcium channels were present in MrgprA3-GFP-labeled neurons ( Fig. 2 A and B) . BAM8-22 inhibited HVA I Ca , rapidly and reversibly. To identify which calcium channel is the downstream target of MRGPRX1, we used ω-conotoxin GVIA, ω-agatoxin, and nimodipine to block N-type, P/Q-type, and L-type HVA Ca 2+ channels, respectively. We applied each blocker individually and tested whether subsequent BAM8-22-induced HVA I Ca inhibition was precluded by the blocker. Application of 1 μM ω-conotoxin GVIA significantly decreased BAM8-22-induced inhibition from 52.2 to 10.0%, suggesting that the N-type calcium channel is an important target of MRGPRX1 ( Fig. 2C and SI Appendix, Fig. S3A ). In addition, 0.5 μM ω-agatoxin reduced the effect of BAM8-22 by 43.5%, whereas 10 μM nimodipine did not ( Fig. 2C and SI Appendix, Fig. S3 B and C), suggesting that P/Q-type calcium channels may also play a partial role but that L-type calcium channels are unlikely to be affected by MRGPRX1.
G protein-mediated inhibition of HVA calcium channels is often coupled to the pertussis toxin (PTX)-sensitive G i/o pathway (26, 43) and involves Gβγ binding to the intracellular loop in a voltagedependent manner (44) (45) (46) . To identify downstream G protein pathways further, we used PTX, cholera toxin (CTX), and U73122 to differentiate three types of G protein signaling, namely, G i/o , G s , and phospholipase C. Pretreatment with 2 μg/mL PTX completely abolished BAM8-22-induced inhibition of HVA I Ca (from 50.2 to 1.5%; Fig. 3 A and D) . In contrast, pretreatment with 2 μg/mL CTX or 5 μg/mL U73122 did not significantly reduce BAM8-22-induced inhibition ( Fig. 3 B-D) . To investigate the role of Gβγ binding, we examined the effect of BAM8-22 with a sandwich stimulation protocol, a pair of activation pulses with a strong depolarizing intermediate pulse (43, 44) (SI Appendix, Fig. S4A ). If the effect of BAM8-22 is mediated by Gβγ binding, the strong depolarizing prepulse will relieve Gβγ binding and reverse the inhibition. Indeed, the strong depolarizing prepulse reversed 50% of BAM-22-induced inhibition (SI Appendix, Fig. S4B ). The voltage-dependent activation curve (P-V curve) showed that this voltage protocol fully reversed the voltage dependence of the channel (SI Appendix , Fig.  S4C) ; therefore, the remaining inhibition was voltage-independent. These results suggest that the inhibition of HVA I Ca by BAM8-22 is partially mediated by G i/o -sensitive Gβγ binding of HVA calcium channels and may also involve a Gβγ-independent pathway.
ML382 Is a PAM of MRGPRX1 That Enhances the Inhibition of HVA I ca by BAM8-22 in Native DRG Neurons. ML382 was recently suggested to be a PAM of MRGPRX1 in a HEK 293 cell system (28) . Its action and specificity to MRGPRX1 remain to be validated in native DRG neurons that endogenously express MRGPRX1. ML382 (5 μM) significantly increased inhibition of I Ca by a low concentration of BAM8-22 (0.5 μM; Fig. 4 A-C) . However, if BAM8-22 was at a saturating concentration (5 μM), ML382 did not further enhance its inhibition of I Ca ( Fig. 4C ; n = 6-8 per group). The I Ca inhibition by BAM8-22 was voltage-dependent, and the voltage dependency of the activation curve shifted to a more positive membrane potential, which reduces the channel open probability after BAM8-22. ML382 positively shifted the activation curve even more in the presence of subsaturating, but not saturating, concentrations of BAM8-22 (Fig. 4D) . Importantly, ML382 did not inhibit I Ca or shift the voltage dependency in the absence of BAM8-22 (Fig. 4 E-G) . We tested a higher dose (100 μM) of ML382 in the absence of BAM8-22 to ensure the allosteric modulator itself has no direct effect. In fact, it slightly increased HVA I Ca by 1.4 ± 2.8% (n = 7, evoked by depolarization to −10 mV). Our control, vehicle (extracellular solution), inhibited HVA I Ca by 0.3 ± 2.8% (n = 7), which is not significantly different from 100 μM ML382's effect (P = 0.59, paired t test). Together, these data suggest that ML382 is a PAM and not an agonist of MRGPRX1.
To confirm further that ML382 allosterically modulates MRGPRX1, we established dose-response curves of BAM8-22 in the presence of different concentrations of ML382, again using GFP-labeled DRG neurons from MrgprX1 mice (SI Appendix, Fig.  S5A ). The dose-response curves were then fitted with the Hill equation. In the absence of ML382, the IC 50 for BAM8-22 inhibition of I Ca was 0.66 ± 0.05 μM. In the presence of 0.1 μM, 1 μM, 10 μM, and 30 μM ML382, BAM8-22 IC 50 was reduced to 0.43 ± 0.02 μM, 0.25 ± 0.02 μM, 0.06 ± 0.01 μM, and 0.08 ± 0.01 μM, respectively (SI Appendix, Fig. S5B ). A lower IC 50 generally indicates a higher potency; thus, ML382 dose-dependently increased the potency of BAM8-22, further demonstrating that ML382 is a PAM of MRGPRX1. The fact that ML382 increased the affinity, but not the maximum response, implies that BAM8-22 is a full agonist. Thus, the allosteric effects on both affinity and efficacy would be translated into apparent affinity in a functional assay. To dissect the ML382 action further, we applied a ternary complex model developed by De Lean et al. (47) to measure its cooperativity factor and binding affinity. Titrating ML382 in the presence of a subsaturating concentration of BAM8-22 is a straightforward approach for establishing this model because ML382 itself does not activate MRGPRX1, but its affinity would change under the influence of BAM8-22 when these two molecules exhibit allostery. The ternary complex model also provides a factor known as α, which can be used as an indicator to quantify the magnitude of this allosteric regulation. We found the IC 50 of ML382 to be 3.2 ± 1.7 μM and the α value to be 11.5 ± 1.3. The fact that α was much larger than 1 suggests that ML382 is a potent PAM (SI Appendix, Fig. S5C ). MRGPRC11 is a mouse ortholog of MRGPRX1 that can also be activated by BAM8-22. However, ML382 did not exert any effect on BAM8-22 inhibition of HVA I Ca in MRGPRC11-expressing DRG neurons (SI Appendix, Fig.  S5D ). Accordingly, ML382 is selective to MRGPRX1.
ML382 Potentiated MRGPRX1-Mediated Inhibition of Synaptic
Transmission in Spinal Cord Dorsal Horn Neurons. Because changes in HVA I Ca in the soma of DRG neurons may not reflect changes in their central terminals, we conducted patch-clamp recording of evoked excitatory presynaptic currents (eEPSCs) in dorsal horn neurons, which receive inputs from nociceptive afferent fibers. Unlike in cultured neurons, heterologous expression of MRGPRX1 is not feasible at central terminals of DRG neurons. Even if it were possible, MRGPRX1 may be overexpressed or expressed nonselectively in various subsets of DRG neurons, which would prevent delineation of the physiological role of endogenous MRGPRX1 in modulating spinal synaptic transmission. However, MrgprX1 mice allow us to continue testing how MRGPRX1 at central terminals of native DRG neurons regulates spinal synaptic transmission.
In MrgprX1 mice with complete Freund's adjuvant (CFA)-induced hind paw inflammation, we recorded eEPSCs in substantia gelatinosa (SG; lamina II) neurons in lumbar spinal cord slices (L4-L5 segments; Fig. 5A ). High-intensity paired-pulse stimulation (500 μA, 0.1 ms, 400 ms apart, three tests per minute) was applied at the dorsal root to activate high-threshold afferent fibers (C-fibers) (48) . Bath application of 0.5 μM BAM8-22 induced a strong inhibition of first eEPSCs in 10 of 18 SG neurons (55.6%). Further, the effect of BAM8-22 was significantly enhanced by cotreatment with ML382 ( Fig. 5 B-D) . Importantly, BAM8-22 did not inhibit eEPSCs in any of the SG neurons from Mrgpr −/− mice, in the presence or absence of ML382 (Fig. 5E ). In addition, ML382 alone did not alter eEPSCs in any experiment (Fig. 5F ). The paired-pulse ratio (PPR) is defined as the peak amplitude of the second eEPSC (P2) divided by the first eEPSC (P1) evoked by two pulses. The reduction of first eEPSCs by BAM8-22 with ML382 was associated with an increased PPR in MrgprX1 mice, suggesting presynaptic inhibition of excitatory neurotransmitter release (48, 49) . This phenomenon was not observed in Mrgpr −/− mice, and ML382 alone did not affect PPR. BAM22 is an endogenous peptide that may be secreted in the spinal cord to activate both MRGPRX1 and opioid receptors. BAM22 immunoreactivity was significantly increased in the spinal cord dorsal horn (L4-L5) ipsilateral to the side of hind paw inflammation (2 d after intraplantar injection with CFA) and nerve injury (2 wk after sciatic CCI) in MrgprX1 mice (Fig. 6A) . The increase in BAM22 immunoreactivity appeared mostly at the superficial dorsal horn (laminae I-II) on the injured side (50) . We validated the specificity of BAM22 antibody by preabsorbing the anti-BAM22 antiserum with 10 −6 M BAM22, resulting in the complete absence of BAM22 signal (SI Appendix, Fig. S6 ).
Because no BAM22 knockout mice are available to establish the antibody specificity further, we next quantified the level of BAM22 in mouse spinal cord by using a highly selective targeted mass spectrometry (MS) approach termed liquid chromatography (LC)-selected reaction monitoring (SRM). The BAM22, together with other molecules, was extracted from the spinal cord, trypsinized, and resolved by reverse-phase LC. The eluted BAM22 [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] peptide (VGRPEWWMDYQK) was ionized and transferred into MS that was operated in a mode of SRM. In SRM, the BAM22 peptide ion was separated from other coeluting ions and then fragmented to generate specific product ions, which indicated the intensity of BAM22 in the original samples (Fig. 6B ). In such a targeted analysis, we first defined the precursor ion and fragmented MS/MS pattern of the BAM22 [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] peptide using a synthetic peptide and then measured the absolute level of BAM22 peptide in CFA-treated spinal cord (247 ± 2 fmol per spinal cord, 6.8 nM; Fig. 6C ). Whereas BAM22 was quantified by three different product ions, the specificity of this analysis was strongly supported by identical features between the endogenous BAM22-derived peptide and its synthetic counterpart, with respect to precursor ion, LC retention time, and multiple product ions. Finally, based on five product ions, we found that CFA treatment induced a significant increase (46.0 ± 3.6%) in the spinal cord BAM22 level (Fig. 6D) . Thus, LC-SRM unambiguously demonstrated an up-regulation of BAM22 in the spinal cord after injury. The level of BAM22 in skin was undetectable in both the control and CFA-treated mice. terminals of DRG neurons. Therefore, we next examined if ML382 by itself attenuates persistent pain in vivo. ML382 was i.th. applied (25 μM, 5 μL) half an hour before formalin [2% (vol/vol) formaldehyde, 5 μL] was injected into the plantar aspect of one hind paw. The first phase of pain response (0-10 min postformalin) was not affected, but the later phase of inflammatory pain response (10-60 min postformalin) was significantly attenuated by ML382 in MrgprX1 mice compared with Mrgpr −/− mice ( Fig. 7 A and B) . In models of CFA-induced inflammatory pain (Fig. 7 C and D) and sciatic CCIinduced neuropathic pain (Fig. 7 E and F) , ML382 (25 μM, 125 μM, and 250 μM; 5 μL; i.th. administration) dose-dependently attenuated heat hypersensitivity in MrgprX1 mice, but not in Mrgpr −/− mice. Contralateral heat nociception was not affected by drug treatment. Therefore, ML382 was able to induce antihyperalgesic effects without requiring exogenous BAM peptides.
To quantify the concentration of ML382 exposed at the spinal cord, we dissected the spinal cords out 30 min after i.th. injection of ML382 (10 μL of 250 μM) or saline (10 μL) as a control and incubated the spinal cord in 500 μL of oxygen-saturated artificial cerebral spinal fluid (aCSF) at 37°C for 1 h. The amount of ML382 in the aCSF was detected using LC/MS analysis. The amount of ML382 detected was 4.48 ± 2.24 ng/mL (average ± SEM; n = 3). Assuming the drug is diluted 50-fold in the aCSF (because the amount of endogenous cerebral spinal fluid is minimal), the concentration was 1.08 ± 0.68 μM. The actual concentration at the lumbar region in vivo could be higher because the i.th. injection is between lumbar 5 and sacral 1. The amount of ML382 in saline-injected mice was below the limit of quantification. We also measured the level of ML382 over time in plasma and found that it is relatively stable in human and rat plasma, but not in mouse plasma (SI Appendix, Table S1 ). In MrgprX1 mice that had undergone CCI, lumbar puncture injection of ML382 alone (25 μM, 5 μL) led to a significant increase in postconditioning time spent in the ML382-paired chamber, compared with the preconditioning value (Fig. 8A) . Simultaneously, the mice decreased time spent in the vehicle (saline)-paired chamber. However, Mrgpr −/− mice showed no significant change in postconditioning time spent in the ML382-or vehicle-paired chamber, compared with the respective preconditioning values ( Fig. 8A ; n = 10 per group). The difference score showed that only MrgprX1 mice had a preference for the ML382-paired chamber (Fig. 8B) . These results suggest that ML382 itself can alleviate ongoing pain after nerve injury in MrgprX1 mice, presumably by enhancing the pain inhibition from a sufficient supply of endogenous orthosteric ligands (e.g., BAM22) in the spinal cord, as suggested by HPLC data (Fig. 6) . Importantly, ML382 did not induce CPP in sham-operated animals of either genotype, suggesting that CPP results from pain relief in MrgprX1 mice and that the drug itself does not activate innate reward circuitry in the absence of pain (Fig. 8 C and D ; n = 9 per group). ML382 at a much higher dose (250 μM, 5 μL, i.th. administration) did not affect locomotor function in either genotype ( Fig. 8E; n = 7) .
Besides inhibiting pain, MRGPRX1 may also function as an itch receptor in the peripheral nerve terminals (15, 18) . We scored mice for scratching behavior at 0-30 min after drug injection. As previously reported, s.c.-injected BAM8-22 induced a significant increase in scratching behavior compared with saline (13, 15, 18) (Fig. 8F) . However, ML382 did not induce significant scratching when injected s.c. into the back or by i.p. or i.th. injection. These findings indicate that ML382 does not induce itch at these sites ( Fig. 8F ; n = 5-6 per group).
Discussion
Most analgesics available for chronic pain treatment have severe side effects because their targets exist both inside and outside the pain pathway and are widely distributed in the CNS (1-4) . Using MrgprX1 transgenic mice, we showed that both a full agonist (BAM8-22) and PAM (ML382) of MRGPRX1 alleviate persistent pain, including ongoing pain after nerve injury, and revealed the underlying cellular mechanisms. Further, we provide evidence that ML382 allosterically enhances BAM8-22-induced inhibition of HVA I Ca in native DRG neurons and augments the suppression of eEPSCs to high-threshold afferent inputs in lamina II dorsal horn neurons. The pain inhibition by BAM8-22 and ML382 was MRGPRX1-dependent and presumably followed a reduction in calcium-dependent neurotransmitter release from central terminals of primary sensory neurons.
The full-length BAM22 peptide is a potent ligand for MRGPRX1 and MRGPRC, with the C-terminal 15 amino acids activating these receptors (10, 23, 24) . It also contains the characteristic (E and F) CCI of sciatic nerve-induced heat hypersensitivity of the ipsilateral hind paw. The hypersensitivity was dose-dependently attenuated by ML382 in MrgprX1 mice (E), but not in Mrgpr −/− mice (F) (n = 5-7 per dose). *P < 0.05 vs.
predrug, two-way mixed-model ANOVA with a Bonferroni post hoc test. Met-enkephalin YGGFM motif at the N terminus that can activate classic opioid receptor subtypes (μ, δ) (23). However, this motif is dispensable for the MRGPR activity. MRGPRX1 is also insensitive to the classical opioid receptor antagonists and showed distinct structure-activity relationships and pharmacology with its known ligands. The level of BAM22 is upregulated in the spinal cord of MrgprX1 mice after tissue inflammation and nerve injury. Up-regulation of BAM22 and MRGPRC receptor has also been reported in rodent models of inflammatory and neuropathic pain (14, 51, 52) . Accordingly, enhanced endogenous pain inhibition mediated by MRGPRC and MRGPRX1 in rodents and humans may parallel endogenous pain inhibition of opioid receptors and converge on BAM peptide to suppress chronic pain (53, 54) . The finding that ML382 can inhibit pain after injury without exogenous BAM peptide further supports this notion. N-type HVA calcium channels play an important role in controlling the release of neurotransmitter vesicles from central terminals of nociceptive DRG neurons into spinal cord (33, 34, 36, 37, 55) . Accordingly, N-type channels have been important targets for the development of drugs to treat pain (33, 34, 56) . However, because these channels are broadly expressed throughout the peripheral nervous system and CNS, channel blockers pose side effects, such as nausea, anxiety, and sweating (57-59). BAM8-22 mainly inhibits N-type channels in DRG neurons from MrgprX1 mice, similar to what we found with MRGPRC activation (48) . Whereas the activation of MRGPRC leads to inhibition of HVA I Ca through a phospholipase C-dependent mechanism, our findings suggest that MRGPRX1 inhibition of HVA I Ca is mainly mediated by G i/o -sensitive Gβγ binding and may also involve a Gβγ-independent pathway. N-type channels are also an important target for opioid inhibition of pain through the G i/o pathway (39, (60) (61) (62) , indicating again that MRGPRX1 may be another endogenous inhibitory mechanism parallel to the endogenous inhibitory mechanism of opioids. Importantly, MRGPRX1 is restricted to the pain pathway and may selectively modulate HVA calcium channels in primary nociceptive neurons to attenuate persistent pain. Therefore, full agonists and PAMs to MRGPRX1, rather than direct Ca 2+ channel blockers, likely attenuate persistent pain while avoiding central and peripheral side effects.
ML382 did not enhance the inhibition of HVA I Ca by BAM8-22 in MRGPRC11-expressing DRG neurons from wild-type mice. MRGPRX1 and MRGPRC11 exhibit considerably different drug profiles even though they share 54% amino acid identity (24) . Species differences across MRGPRs are the main reason why many agonists have been reported for MRGPRX1 but only a few could be tested for in vivo functions (10, 18, 28) . Thus, our MrgprX1 mice provide a unique rodent platform to screen compounds against the human MRGPRX1 and test their functions in vivo.
In Mrgpr −/− mice, 30 Mrgprs were knocked out, 12 of which have intact ORFs. The peptide BAM8-22 is a specific ligand of mouse MRGPRC11, rat MRGPRC, and MRGPRX1. More importantly, BAM8-22 does not activate any other Mrgprs. We have shown that DRG neurons of Mrgpr −/− mice did not respond to BAM8-22 and specific knockdown MrgprC11 in wild-type DRG neurons also eliminated BAM8-22-induced activation (15) . Because the MrgprC11 locus has an extremely high level of repetitive sequences, multiple attempts by homologous recombination and CRISPR approaches to generate MrgprC11 single-gene knockout mice have failed. The Mrgpr −/− mice are still the best option to study MrgprC11 in vivo, along with substitution of the human MrgprX1. However, the limitation of Mrgpr −/− mice is potential gene compensation from other Mrgprs.
Both BAM8-22 and ML382 alleviated evoked pain hypersensitivity in MrgprX1 mice, but not in Mrgpr −/− mice, after tissue inflammation and nerve injury. Importantly, both drugs produced CPP in MrgprX1 mice after sciatic CCI, indicating the relief of ongoing neuropathic pain. Operant behavior studies, such as CPP, measure the affective aspect of the spontaneous pain experience, which relates closely to the complex human experience of chronic pain (63, 64) . Therefore, the findings from this operant behavior study have translational relevance and indicate that agonists and PAMs of MRGPRX1 are promising new antihyperalgesic compounds. BAM8-22 and ML382 did not induce CPP in sham-operated animals, suggesting that they are not rewarding in the absence of ongoing pain and have a low likelihood for addiction and abuse.
One limitation of ML382 is that it did not inhibit mechanical allodynia induced by sciatic nerve CCI in MrgprX1 mice (SI Appendix, Fig. S7 ). However, BAM8-22 and its analog, JHU58, were reported to attenuate mechanical allodynia as well as thermal hyperalgesia and neuropathic pain in wild-type mice and rats (6, 21) . A possible explanation for the discrepancy is that the MrgprX1 expression level in MrgprX1 transgenic mice is not as high as rodent MrgprC expression such that the activation of MRGPRX1 cannot exert the antimechanical allodynia effect.
Allosteric ligands that bind at allosteric binding sites provide better temporal and spatial specificity control of endogenous physiological signaling than orthosteric ligands alone because they require colocalization of the receptor and endogenous orthosteric ligand to function. Directly activating MRGPRX1 at peripheral terminals may induce itch (15, 18) ; therefore, activation of peripheral MRGPRX1 with an orthosteric ligand is not a viable approach to pain relief. Intriguingly, during chronic pain conditions, the BAM22 level is up-regulated in the superficial dorsal horn, which contains central terminals of nociceptive sensory neurons. However, its level is below the limit of detection in the skin. Thus, i.th. ML382 would specifically maximize the suppression of spinal nociceptive transmission by endogenous BAM22. Indeed, persistent pain was inhibited only when ML382 were administered by the i.th. route, not the i.p. route (SI Appendix, Fig. S8 ). The lack of inhibitory effect on pain by i.p. injection of ML382 is likely due to a combination of lower blood-brain barrier (BBB) penetration and possibly high protein binding of the compound. Nevertheless, i.th. injection of ML382 (0.25 mM, 5 μL) exerted a similar level of pain inhibition as morphine at a higher molar dose (1.0 mM, 5 μL; comparing Fig. 7E and SI Appendix, Fig. S9 ). Further modification to the structure of ML382 is ongoing to improve its penetration of the BBB and enable future systemic administration.
In summary, the MrgprX1 mouse line is a promising model for screening MRGPRX1 ligands and testing their functions at both cellular and systemic levels. MRGPRX1 ligands may be painspecific inhibitors because the receptors are expressed mostly in primary sensory neurons and modulate nociceptive transmission (7) (8) (9) (10) (11) . Further, both MRGPRX1 full agonists and PAMs may improve selectivity of pain inhibition, and hence are potential new classes of drugs to treat persistent pain conditions.
Methods
All animal experiments were performed under protocols approved by the Animal Care and Use Committee of the Johns Hopkins University School of Medicine.
Generation of MrgprX1 Mice. We purchased a mouse BAC clone (RP23-311C15) containing the entire Mrgpra3 gene from the Children's Hospital Oakland Research Institute. We modified the BAC clone using homologous recombination in bacteria to generate the MrgprC11 Mrgprx1 mouse line. We crossed these mice with MrgprA3 GFP-Cre (13) and Mrgpr-clusterΔ −/− (15) lines that we had generated previously. We used the MrgprC11 MrgprX1 transgenic line and Chronic Pain Models. Inflammation was induced by injecting the hind paw of mice s.c. with 5 μL of 50% (vol/vol) CFA solution in saline (21) . Pain response change was evaluated 24-48 h after injection. Neuropathic pain was induced by CCI of the sciatic nerve as previously described (6). Mice were anesthetized by inhalation of 2% (vol/vol) isoflurane delivered through a nose cone. The left sciatic nerve at the middle thigh level was separated from the surrounding tissue and loosely tied with three nylon sutures (9-0 nonabsorbable monofilament; S&T AG). The ligatures were ∼0.5 mm apart.
Behavioral Studies. Behavioral assays were performed by experimenters blinded to genotype. The mice used in the tests were backcrossed to C57BL/6 mice for at least 10 generations and were 2-to 3-mo-old males (weighing 20-30 g).
I.th. injection was performed as previously described (21) . Briefly, ML382 was dissolved in DMSO to 50 mM, suspended in 0.9% saline to the desired working concentration, and injected into the i.th. space under brief isoflurane (1.5%) anesthesia. A 30-gauge, 0.5-inch needle connected to a 50-μL syringe was inserted into one side of the L5 or L6 spinous process and moved carefully forward to the intervertebral space. A tail flick indicated that the tip of the needle was inserted into the subarachnoid space. The needle was removed after 5 μL of drug solution was administered.
One day before the formalin test, mice were acclimated to the environment for 1 h. On the day of test, 5 μL of 2% (vol/vol) formalin in saline was injected into the plantar region of one hind paw. Spontaneous pain behavior (licking and shaking) was recorded for 60 min (21) .
The Hargreaves test was performed as previously described (13) . Mice were placed under a transparent plastic box (4.5 × 5 × 10 cm) on a glass floor. Infrared light was delivered through the glass floor to the hind paw. After acclimatization sessions, the latency for the animal to withdraw its hind paw was measured.
For the CPP test, humanized MrgprX1 and Mrgpr −/− mice underwent CCI of the left sciatic nerve. On day 7 after CCI, both naive and nerve-injured animals were habituated (30 min·d
) in an automated three-chamber box in which they had access to all chambers. The two larger chambers of this apparatus contained distinct visual (vertical stripes vs. triangular shapes) and tactile (smooth floor vs. grooved floor) cues. The third, smaller chamber was interposed between the other two and was devoid of overt spatial cues. On the preconditioning day (day 11 post-CCI), behavior was video-recorded for 15 min while the mice were again free to explore all three chambers. The results were used to quantify any basal chamber preference or aversion in individual mice. In keeping with a previous study (32) , animals that spent more than 80% (>720 s) or less than 20% (<120 s) of the total time in any given chamber were eliminated from further testing. The next day (day 12 post-CCI), animals received a lumbar puncture injection of vehicle (5 μL of saline) under anesthesia 10 min before being placed in one of the conditioning chambers for 45 min. Four hours later, the same animals received a lumbar puncture injection of ML382 (250 μM, 5 μL), and 10 min later, they were restricted to the opposite conditioning chamber for 45 min. On the postconditioning test day (day 13 post-CCI), animals were placed in the same three-chamber box with access to all chambers but received no injection. Their behavior was recorded for 15 min and used to analyze chamber preference or aversion. Data were pooled from seven groups of mice, each containing nerveinjured and naive animals of both genotypes (MrgprX1 and Mrgpr
−/−
). Pairing of ML382 or vehicle with a given chamber was counterbalanced between groups. For each treatment group, we compared time spent in each chamber during preand postconditioning days by paired t test to determine if conditioned place aversion or preference was present. An increase in postconditioning time spent in the ML382-paired chamber, compared with preconditioning time in the same chamber, indicated CPP. In addition, difference scores were calculated as follows: (Postconditioning time − Preconditioning time).
Cell Culture. DRGs from 3-to 4-wk-old mice were collected in cold DH10 medium [DMEM/F-12 with 10% (vol/vol) FBS and 1% penicillin/streptomycin; Gibco] and treated with enzyme solution (5 mg/mL dispase and 1 mg/mL collagenase type I in HBSS without Ca 2+ and Mg 2+ ; Gibco) at 37°C. After trituration and centrifugation, cells were resuspended in DH10 with nerve growth factor (50 ng/mL; Upstate Biotechnology) and glial cell line-derived neurotrophic factor (25 ng/mL; R&D Systems), plated on glass coverslips coated with poly-D-lysine (100 μg/mL; Biomedical Technologies) and laminin (10 μg/mL; Invitrogen), cultured at 37°C, and used after 20-40 h (15).
Whole-Cell Recordings of Cultured DRG Neurons. Whole-cell currents of cultured DRG neurons with MrgprA3-GFP marker were recorded with an Axon 700B amplifier and pCLAMP 9.2 software (Molecular Devices). Extracellular solution contained 130 mM N-methyl-D-glucamine chloride (NMDG-Cl), 5 mM BaCl 2 , 1 mM MgCl 2 , 10 mM Hepes, and 10 mM glucose, with pH of 7.4 adjusted with 1 M NMDG. Osmolality was adjusted to 310 mOsm/kg with sucrose. Electrodes were pulled (Model pp-830; Narishige) from borosilicate glass (World Precision Instruments) with resistances of 2-4 MΩ. Pipette solution contained 140 mM tetraethylammonium chloride, 10 mM EGTA, 1 mM MgCl 2 , 10 mM Hepes, 0.5 mM GTP, and 3 mM ATP, with pH of 7.4 and osmolality of ∼300 mOsm/kg. The voltage protocol was modified from a previously published method (26) . Briefly, cells were held at −80 mV and evoked to −40 mV for 20 ms to activate LVA Ca 2+ channels, and then held to −60 mV for 20 ms and evoked to −10 mV for 40 ms to activate HVA Ca 2+ channels. Leak currents were subtracted with the P/4 protocol in pCLAMP 9.2 software. Liquid junction potentials and whole-cell capacitances were offset, and series resistances were compensated by 70%. All experiments were performed at room temperature (2-23°C).
Downstream Pathway Analysis Using Electrophysiological Recording. We measured the current-voltage relation (I-V curve) by plotting peak currents to the testing voltages, which were then fitted by the double Boltzmann I-V equation I(V) is ionic current as the function of membrane voltage, V rev is reversal potential, G max is maximum conductance, V half is the voltage at half-maximum current, and k is a default slope factor. We measured the voltage dependency of channel activation (P-V curve) by plotting normalized tail currents as the function of testing voltages and then fitting by the Boltzmann equation
is channel open probability as the function of membrane voltage. P min and P max indicate the minimum and maximum open probability, respectively.
Statistics. Data are presented as mean ± SEM. Groups were compared by a twotailed, unpaired, or paired Student's t test, or by a one-way repeated-measures ANOVA test or two-way ANOVA test followed by Bonferroni post hoc comparisons according to experimental design. P < 0.05 was considered a statistically significant difference. Experiments were replicated biologically at least three times.
